A brief review of processes occurring in fat cells is given and the regulatory effects of certain hormones and nutrients are presented.
INTRODUCTION
In contrast to carbohydrates, lipids can be stored in the body in substantial amounts that suffice to cover its energy needs for a long time after the lipids have been absorbed. Their main reservoir is white adipose tissue. The cells of this tissue are called fat cells and are able to store large amounts of fat in the form of triglycerides. This is fat taken up from the plasma or synthesized in these cells, mainly from glucose. However, when the body experiences an energy deficit, tri glycerides stored in fat cells are easily mobilized and serve as a source of energy for numerous other types of cells.
EFFECT OF DIET ON FAT CELL METABOLISM
Appropriate regulation of fat cell function is necessary to maintain the proper balance between lipogenesis and lipolysis, which affects the organism's entire energy metabolism. Moreover, disorders in fat cell function resulting from various causes, especially those leading to the deposition of excessive amounts of adipose tissue, lead to many serious diseases ( Jeppesen et al., 1995) . For these reasons, elucidating the processes occurring the cells of white adipose tissue and determining the factors that affect them is important not only from the scientific, but also from the practical point of view.
Studies on the metabolism of fat cells became possible thanks chiefly to the work of Rodbell (1964) . The method of isolating these cells developed by this researcher are still widely used today with only a few minor modifications. This method makes it possible to obtain from a variety of animals species a large number of fat cells that react to numerous physiological and pharmacological factors. This creates a wide spectrum of in vitro experimental possibilities.
Thanks to many researchers, lipolysis and lipogenesis in white adipose tissue are now relatively well understood. It has also been possible to show that many factors, including some in the diet, have a distinct effect on them. In this paper we present some of these factors.
General characteristics of processes occurring in fat cells
Lipogenesis is one of the processes that take place in fat cells. The substrates for the synthesis of triglycerides in the fat cell are triglycerides in the blood stream, mainly in the chylomicrons and very low density lipoproteins VLDL. They must be broken down into glycerol and free fatty acids before they enter the cell. This reaction is catalyzed by the lipoprotein lipase synthesized and excreted by fat cells (Eckel, 1987) . On the basis of work by Rodbell (1964) it is also known that glucose is converted into glycerol and fatty acids in the cells of white adipose tissue. These compounds are then used to synthesize triglycerides. The second important metabolic pathway into which glucose is channeled is its oxidation to C0 2 (Rodbell, 1964) . Of course, before any of these processes can take place, glucose must first find its way into the cell, and this is also subject to regulation.
In addition to lipogenesis, a second important process that occurs in white adipose tissue cells is lipolysis. The intensity of the breakdown of triglycerides in these cells is to a large extent dependent on the formation of cyclic adenosine monophosphate (cAMP) (Amstrong et al., 1974; Beebe et al., 1985; Perea et al., 1995) . Under physiological conditions, this nucleotide arises mainly as the result of stimulation of adrenergic receptors (Langin et. al., 1992) or in response to glucagon (Perea et al., 1995) . cAMP is a second messenger that participates in the transfer of signals in the cell and is synthesized from adenosine triphosphate in a reaction catalyzed by adenylate cyclase (Butcher et al.,1968; Rodbell et al., 1968) . A rise in the cAMP concentration in fat cells activates protein kinase A (Langin et. al., 1992) which then catalyses the phosphorylation (activation) of hormone-sensitive lipase (HSL) (Belfrage et al., 1981) . This lipase is an extremely important enzyme in lipolysis since it catalyses the degradation of triglycerides .
In brief, the degradation of triglycerides is preceded by an entire cascade of reactions beginning from the action of a factor increasing the amount of cAMP in fat cells, ending with the liberation of glycerol and free fatty acids by cells (Lefebvre, 1975; Perea, 1995) . Decreasing the amount of cAMP in fat cells as the result of its degradation by the appropriate phosphodiesterase inhibits lipolysis (Beebe et al., 1985; Eriksson et al, 1995) .
Hormonal regulation
Under physiological condition, the most important element of the complex regulation of the processes occurring in fat cells is the endocrine system. Among the many hormones, insulin, glucagon and adrenaline are particularly important.
The effect of insulin in preceded by its association with oc-subunits of a specific receptor in the cell membrane. This causes changes in conformation of the receptor, as the result of which its transmembrane (3-subunits gain tyrosine kinase activity (Tornqvist et al., 1987) . In effect, autophosphorylation of these subunits occurs, followed by the phosphorylation of cytoplasmic substrates; the signal carried by the hormone reaches the cell interior (Rosen, 1987) .
It was found that insulin has strong anti-lipolytic activity (Mersmann,1986) . This hormone stimulates the phosphorylation of phosphodiesterase catalyzing the degradation of cAMP. In rat fat cells, the activation of phosphodiesterase by insulin occurs as the result of phosphorylation of amino acid 302, serine, in the enzyme molecule (Degerman et al., 1998) . The reversible phosphorylation of this amino acid is an element of the reverse feed back mechanism of the system controlling lipolysis. It was found that not only insulin, but other factors that stimulate lipolysis through increasing the concentration of cAMP lead to the phosphorylation of serine 302 in the phosphodiesterase molecule. This effect is probably mediated by the cAMP-dependent protein kinase (protein kinase A) (Degerman et al., 1998) . Phosphorylation of phosphodiesterase activates it (Degerman et al., 1990) and, as a consequence, leads to the reduction of the amount of cAMP in the cells and to the inactivation of protein kinase A (Degerman et al, 1998) . This is necessary and sufficient for the anti-lipolytic effect of insulin to be manifested (Eriksson et al., 1995) (Diagram 1). Changes in the activity of the enzyme directly catalyzing lipolysis, hormone-sensitive lipase, are regulated by the appropriate hormones also through reversible phosphorylation. Hormones having lipolytic effects catalyze the phosphorylation of the regulatory site in the lipase molecule, while insulin or ^-adrenergic antagonists lead to the opposite effect . It has been shown that the amino acid that undergoes phosphorylation is serine (Groscolas and Herzberg, 1997 ).
An important consequence of the action of insulin on fat cells is an increase in the transport of glucose into cells (May and Mikulecky, 1983; Akanbi et al., 1990) which makes it possible for this sugar to be metabolized. The transport of glucose into cells is mediated by specialized proteins (Pedersen et al., 1991) . These proteins, in response to insulin, move from the cytoplasm to the cell membrane and transport glucose across it. Insulin also markedly intensifies the processing of glucose into free fatty acids and glycerol in fat cells (Rodbell, 1964) . These effects stimulate lipogenesis. In addition, insulin distinctly increases the processing of glucose into C0 2 (Rodbell, 1964) .
Glucagon is an antagonist of insulin. The effect of glucagon on its membrane receptor activates adenylate cyclase and starts the cascade described above leading to lipolysis. In response to glucagon, the amount of glycerol and free fatty acids liberated by cells increases (Perea et al., 1995) . Adrenaline has a similar effect. As the result of this hormone stimulating P-adrenergic receptors (Langin et al., 1992) , protein Gs in fat cells is activated. In turn, it activates adenylate cyclase. The formation of cAMP leads to the activation of protein kinase A, which then activates hormone sensitive lipase (Gries et al., 1972; Belfrage et al., 1981; Tebar et al., 1996) (Diagram 1 ).
The effect of diet It has been known for a long time that the diet and its composition have a very important effect on the entire organism, including fat cells. Particularly important are changes in the concentrations and effects of hormones that occur during fasting and absorption in response to various compounds absorbed from food. Changes in the insulimglucagon ratio, as well as changes in the concentrations of some other hormones have, among others, a role in adapting the organism to processing and storing excess nutrients absorbed from the gastrointestinal tract or, after completion of the absorption phase, cause substrates used by cells to be releases into the blood stream.
The adipose tissue plays a very important role in the storage and release of energy substrates.
Changes in the amount of food consumed cause interesting changes in white adipose tissue. In rats deprived of food for 48 h or longer, the volume of cells decreases. Their size returns to values observed in control animals only after several days of normal feeding (Owens et al., 1979; Fried et al., 1983) . This is accompanied by fluctuations in the activity of lipoprotein lipase within the adipose tissue. During fasting the activity of this enzyme decreases considerably. After resumption of normal feeding, its activity returns to normal values after 3-5 days, and then can be significantly elevated for the next few days in comparison with the basal value from before the fasting -this is the so-called overshoot effect. At the same time, the volume of fat cells increases (Fried et al., 1983) . When, however, feeding is restricted after the period of fasting (by 25% or more), the rise in lipoprotein lipase activity is lower (Fried et al., 1983) . The level of feeding after the end of fasting in animals has, therefore, a marked effect on the rate at which lipids accumulate in fat cells and the related "making up for losses" caused by fasting. It was also found that in vitro fat cells obtained from fasting animals show a diminished response to insulin. In these cells the metabolism of glucose into free fatty acids and its catabolism into C0 2 are reduced (Owens et al., 1979; Timmers and Knittle, 1980; Casanova et al., 1990) . The limitation of the metabolism of glucose into fatty acids may also be the effect of reduced expression of the gene for fatty acid synthase that occurs during fasting. Resumption of normal feeding normalizes this process (Kim et al., 1998) . The conversion of glucose into glycerol in fat cells obtained from animals subjected to fasting can be slightly reduced (Owens et al., 1979) or increased (Casanova et al., 1990) . It is also known that fasting lowers the activity of numerous enzymes participating in the metabolism of glucose in the presence of insulin (Timmers and Knittle, 1980) or in the absence of this hormone in the incubation medium (Owens et al., 1979) . Restricting the metabolism of glucose by fat cells that occurs during fasting is undoubtedly a defense mechanism. This ensures a greater supply of glucose for those cells for which this sugar is a crucial energy substrate, e.g. brain cells, erythrocytes.
The nutritional status of an organism also has an effect on the reaction of fat cells to adrenaline. It was observed that cells obtained from rats that had been subjected to fasting for two days showed a higher adenylate cyclase activity in response to adrenaline (Gorman et al., 1972) . Fasting also causes a rise in the cAMP concentration and an increase in the activity of the protein kinase dependent on this nucleotide (Ruiz et al., 1981) . In experiments on rats it was found that long-term malnutrition (a 60% deficit) partially reduces the decreasing fat cell sensitivity to catecholamines observed with age (Yu et al.,1980) . The nutritional status of an organism can also indirectly modify the reaction of these cells to catecholamines. A rise in the concentration of insulin in the absorption phase reduces the amount of mRNA of the (3 3 -adrenergic receptor that plays a key role in the action of catecholamines on cells in the adipose tissue. Insulin indirectly restricts the expression of the adrenergic receptor gene and reduces the activity of adenylate cyclase in response to the action of agonists of this receptor (Hadri et al., 1997) .
Feeding animals a diet containing excess energy supplied in the form of carbohydrates also is not without effect on adipose tissue. The degree of changes is, however, dependent on the duration of feeding the animals the high carbohydrate diet. Short term (5 days) feeding of rats with a feed containing glucose may increase the binding of insulin by fat cells and increases the oxidation of this sugar in cells. After the next few days, the course of these processes may normalize (Oka et al., 1980) . A higher carbohydrate content in the diet of rats may, after a longer time, reduce insulin binding by cells of this tissue and intensify intracellular degradation of the hormone. Despite this, the uptake of glucose by fat cells may by elevated (Olefsky and Seakow, 1978) . Glucose is then converted to a greater degree to triglycerides (Olefsky and Seakow, 1978) . In experiments using fat cells from young pigs, it was shown that feeding these animals feeds with the addition of maize starch caused a distinct rise in lipogenesis stimulated by insulin (Smith et al., 1996) . It was also observed that excess energy in food may contribute to a reduction in the amount of cAMP and restriction of lipolysis in fat cells (Kenan et al., 1997) .
Lipids that reach the fat cells through the blood stream are another factor that modifies the course of several of processes in these cells. Increasing the fat level of a diet distinctly inhibits the de novo synthesis of fatty acids in fat cells obtained from growing pigs (Allee et al., 1971; Mersmann et al., 1984; Benmansour et al., 1991) and rats (Smith et al, 1974; Lavau at al., 1979) . This seems to result from the fact that a high dietary fat content markedly restricts the uptake of glucose by fat cells (Ip et al., 1977; Olefsky and Seakow 1978; Pedersen et al., 1991; Sevilla et al., 1997) . The maximum transportation speed of this sugar is, as a result, reduced (Olefsky and Seakow 1978) . Deterioration of the transport of glucose into cells appears as the result of a drastic reduction of the number of glucose transporters in cell membranes. In rats fed a feed with a high fat content, the insulinstimulated transport of glucose into fat cells was found to have markedly decreased. These changes were accompanied by a distinct decrease in the expression of genes coding for the proteins that transport glucose through the cell membrane (Pedersen et al., 1991) . Also the amount of these proteins (Glut 4 and Glut 1) in the cell was substantially decreased (Pedersen et al., 1991; Sevilla et al., 1997) . The cause of the above changes is a decline in insulin binding by fat cells from animals fed high fat diets (Ip et al., 1977; Olefsky and Seakow, 1978) and increased degradation of this hormone in these cells (Olefsky and Seakow, 1978) . Moreover, it was found that feeding animals feeds with an increased fat content may lower the activity of tyrosine kinase of the insulin receptor in fat cells (Watarani at al., 1988) weakening the action of this hormone. A consequence of excessive dietary fat is also a decline in the activity of some enzymes in adipose tissue, restricting the oxidation of glucose to C0 2 (Allee et al., 1972) .
It was found that lowering body weight and lowering the fat content of the diet can normalize the above disorders and restore normal cellular sensitivity to insulin (Salans and Dougherty, 1971 ).
An elevated dietary fat content may also reduce the sensitivity of fat cells to adrenaline (Gorman et al., 1972; Smith et al., 1974) and glucagon (Gorman et al., 1972) , which leads to a fall in lipolysis.
On the basis of many studies it is known that not only the amount of fat in the diet, but also its type play an important role. It seems that although in the case of a high dietary fat content unfavourable effects are observed regardless of the type of fat (Allee et al., 1972) , in the case of a normal supply of this component, it has, depending on the type, a clearly differentiated effect. In experiments using fat cells from rats fed for 4 weeks with a feed containing various proportions of saturated and polyunsaturated fatty acids (PUFA), considerable differences were demonstrated in the responses of cells to adrenaline. A diet with a high PUFA content caused a distinctly higher sensitivity of fat cells to this hormone (Awad and Chattopadhyay, 1986 ). Changes such as this were observed even in adult sheep, but they were less pronounced than in monogastric animals. (Jenkins et al., 1994) . On the other hand, a high level of unsaturated fatty acids in the diet was the cause of a significant reduction in the lipolytic activity of adrenaline (Awad and Chattopadhyay, 1986 ). Changes characteristic of the action of adrenaline, e.g. a rise in the activity of hormone-dependent adenylate cyclase and lipase, and the accumulation of cAMP were much less pronounced in response to this hormone in fat cells from rats fed diets with a high proportion of saturated fatty acids (Awad and Chattopadhyay, 1986 ). The beneficial effects of PUFA in the diet were also observed in respect to insulin. It was found that a higher proportion of these acids in the diet increases the capacity of cellular insulin receptors (the number of sites binding the hormone) (Field et al., 1988) , increases the binding of insulin by fat cells (Field et al., 1988 (Field et al., , 1989 and intensifies their response to this hormone (Van Amelsvoort et al., 1988) . After insulin stimulation of fat cells from animals fed PUFA-enriched feeds, greater transport of glucose into cells, as well as increased oxidation and conversion of glucose into lipids are observed (Field et al., 1990; Luo et al., 1996) . Feeding rats feeds with PUFA causes a rise in the content of these acids in fat cell membrane phospholipids (Field et al., 1988 (Field et al., , 1990 Luo et al, 1996) . Moreover, this causes a rise in the ratio of phosphatidylcholine to sphingomyelin and makes the cell membranes more fluid (Parrish et al., 1997) . At the same time, other in vitro experiments showed increased insulin binding by cells with higher proportions of PUFA in their membranes (Gould et al., 1982) . In experiments on pig fat cells, it was found that not only the degree of saturation of fatty acids in the diet, but also their chain length had a significant effect on the effectiveness of insulin (Smith et al., 1996) . Not without meaning is the position of the double bonds in fatty acids (Fickova et al., 1998) . There are, however, also reports in which no direct effect of the addition of sunflower oil to the feed of fattening pigs on lipogenesis or insulin binding by fat cells was found (Benmansour et al., 1991) . This may be the result of other factors found in the diet. The effects of diets on processes in the cells of white adipose tissue are compared in Table 1 .
Interesting discoveries have been made in recent years, casting new light on the role of fat cells. It was found that the adipose tissue cells play an important role not only as passive stores of fat, but that they actively participate in regulating the body's energy balance. This is done through leptin, a protein synthesized and excreted only by fat cells (Maffei et al., 1995a) . Leptin is a product of the ob gene and its action is related to the maintenance of body weight, particularly to regulating its fat content (Maffei et al,1995b) . Insulin plays a prominent role among the many factors that regulate the expression of the ob gene and the production and release of leptin (Saladin et al., 1995; Kim et al., 1998) . Plasma concentrations of leptin, insulin and glucose decline during fasting and rise after eating. It was shown in vitro that incubation of fat cells in a medium containing insulin causes the release of leptin in amounts proportional to the concentration of insulin (Gettys et al., 1996) . Insulin is not directly responsible for the increased secretion of leptin. The secretion of leptin is also dependent on the transport of glucose into fat cells and its metabolism there . Both processes are, however, stimulated by insulin. A rise in the concentration of cAMP in fat cells during lipolysis results in a reduction in the synthesis and excretion of leptin (Slieker et al., 1996) . It was Luo et al., 1996 found that secretion of leptin stimulated by insulin is inhibited as the result of a rise in the activity of cAMP-dependent protein kinase. Various compounds causing (3 3 -adrenergic activation can inhibit the secretion of leptin by fat cells (Gettys et al., 1996) . Stimulation of (^-adrenergic receptors therefore plays an important role in inhibiting the secretion of leptin. The type of diet also has a distinct effect on the secretion of this hormone. Feeding animals feeds with elevated fat contents can intensify the secretion of leptin (Frederich et al., 1995a) . Fasting and weight loss reduce its plasma concentration (Frederich et al., 1995b) . On the basis of the most recent reports, it is known that the expression of the leptin gene is regulated by the appropriate transcription factors, whose activity is markedly reduced during fasting and rises when feeding is resumed (Kim et al., 1998) . At present it is known that leptin acts, among others, on the central nervous system regulating food intake and energy utilization (Wilding et al, 1993; Stephens et al., 1995) . This hormone has an anorectic effect (Campfield et al., 1995) , and its deficiency may lead to hyperphagia. In obese mice it normalized body weight and lowers plasma glucose and insulin concentrations (Stephens et al., 1995) . It is presumed that some of the effects of leptin on the central nervous system may be related to its inhibitory effect on the gene coding neuropeptide Y (one of the important factors responsible for body weight gain, increased appetite and reduction of thermogenesis in brown adipose tissue) (Stephens et al.,1995; Wang et al., 1997) . The systemic effects of leptin manifest themselves, among others, through its effect on fat cells. This hormone visibly reduces the response of these cells to insulin. It weakens the stimulatory effect of insulin on glucose transport and lipogenesis, and reduces the inhibitory effect of insulin on protein kinase A activity and lipogenesis induced by isoprotenerol (Muller et al., 1997) . The degree of its activity depends on the concentration of leptin and this effect is reversible (Muller et al.,1997) . It was found that leptin decreases the effect of insulin on fat cells by reducing the binding of the hormone with the insulin receptor, but does not cause a change in affinity (Walder et al., 1997) , which shows that leptin acts by reducing the binding capacity of receptors. When discussing white adipose tissue one can not overlook the tissue called the brown adipose tissue. Its main role is the production of heat in nonshivering thermogenesis. This process is possible thanks to the presence of an uncoupling protein in the mitochondria. This protein uncouples oxidative phosphorylation, leading to the production of heat (Champigny and Ricquier, 1990 ). The results of numerous studies provide a considerable body of evidence that the diet and its composition have a clear effect on processes occurring in brown adipose tissue.
Starving rats for 24 h slows down mitochondrial processes and restricts the expression of the gene coding for the uncoupling protein. This is accompanied by a decline in the amount of this protein in the mitochondria (Matamala et al., 1996) . These changes also depend on the temperature of the environment (Champigny and Ricquier, 1990) . Fasting for several days results in the loss of fatty acids from triglycerides and phospholipids accumulated in brown adipose cells. This leads to changes in the composition of fatty acids in the cell membranes of this tissue since mobilization of linolenic acid from triglycerides and n-6 fatty acids from phospholipids takes place much more slowly (Groscolas and Herzberg, 1997) . Fasting also leads to a fall in the activity of enzymes involved in lipogenesis. After the end of fasting, a considerable rise in their activity to levels exceeding baseline is observed, i.e. the overshoot effect is observed. Supplying sugars in drinking water prevents the fall in enzyme activity (Boll et al.,1996) .
In rats fed a high carbohydrate diet were found to have an elevated body temperature. Intensification of thermogenesis occurred mainly through the hyperplasia of brown adipose tissue (Moriya,1994) . Oxygen consumption was also higher, and the amount of triglycerides and phospholipids in the brown adipose tissue was also raised. The share of unsaturated fatty acids in triglycerides and phospholipids may also increase (Moriya, 1994) . A high energy diet causes a rise in the activity of adenylate cyclase in the cells of yellow and brown adipose tissues (Kenan et al., 1992) . It is also known that unsaturated fatty acids in food lower diet-induced thermogenesis in comparison with diets containing PUFA from the n-3 family (Matsuo et al., 1995; Oudart et al., 1997) . Chemical sympathectomy (blocking the sympathetic nervous system) eliminates these differences (Matsuo et al., 1995) .
The evidence in the literature clearly shows that the diet has a significant effect on processes occurring the white and brown adipose tissue cells. This occurs through changes in hormone concentrations, as well as through quantitative and qualitative differences in the substrates reaching these cells. przez insulinę. Natomiast lipoliza, czyli rozkład triglicerydów przebiegający z uwolnieniem glice rolu i wolnych kwasów tłuszczowych do krwi jest nasilana przez glukagon i adrenalinę. Wiele czynników związanych z żywieniem takich jak na przykład głodzenie, stan odżywienia, ilość wę glowodanów, ilość i skład tłuszczów mogą modyfikować te procesy.
Dieta i jej skład mają także istotny wpływ na brunatną tkankę tłuszczową.
